Summary
The desert gerbil Psammomys obesus ("sand rat"), a model of nutritionally induced insulin resistance and non-insulin-dependent diabetes mellitus, was treated after weaning with exogenous insulin implants in the normoglycaemic, normoinsulinaemic state. Albino rats matched for weight and age served as high energy diet adjusted reference animals. Insulin administration, elevating the serum insulin to 6000 pmol/l resulted in only a mild reduction in blood glucose levels in Psammomys, but caused a severe, often fatal hypoglycaemia in the albino rats. The hepatic response to insulin-induced hypoglycaemia in rats involved a significant loss in glycogen and suppression of phosphoenolpyruvate carboxykinase (PEPCK) activity. In Psammomys under similar hyperinsulinaemia no appreciable changes in liver glycogen and PEPCK activity were evident, indicating that blood glucose was replenished by continuing gluconeogenesis. Euglycaemic, hyperinsulinaemic clamp caused a complete shut-down of hepatic glucose production in albino rats. However, in both diabetesprone and diabetes-resistant Psammomys lines, mean hepatic glucose production was reduced by only 62 to 53 % respectively, despite longer lasting and higher levels of hyperinsulinaemia. These results indicate that Psammomys is characterized by muscle and liver insulin resistance prior to diet-induced hyperglycaemia and hyperinsulinaemia. This is assumed to be a species feature of Psammomys, exemplifying a metabolic adjustment to survival in conditions of food scarcity of both animal and human populations. It may reflect a propensity to insulin resistance and hyperglycaemia in population groups exposed to affluent nutrition. [Diabetologia (1996) 
39: 1269-1275]
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States B and C are characterized by marked peripheral and hepatic insulin resistance. Evidence of low insulin receptor density in muscle and liver and decreased receptor function in association with hyperinsulinaemia developing on high energy (HE) diets (relative to its native nutritional regimen) have been previously demonstrated [8] . The hyperglycaemia on HE diets has also been related to the large proportion of proinsulin in the circulation, particularly in state C, as a result of beta-cell over-stimulation [9, 10] . It should be stated though, that the domesticated Psammomys fed a diet rich in fiber and low in digestible carbohydrates remains non-diabetic for prolonged periods [11] .
It was the aim of our study to investigate whether, in view of low insulin receptor density and the sensitivity of pancreatic beta-cells to insulin over-secretion [reviewed in [1] [2] [3] , Psammomys exhibits an inherent, species characteristic, insulin resistance, even in the normoglycaemic, normoinsulinaemic state.
Materials and methods
Animals. Male Psammomys obesus, and male albino rats of the outbred Sabra strain, from the Hebrew University, Hadassah Medical School Animal Farm, were used. Psammomys and albino rats were weaned at 3 weeks of age to one of two diets: low energy (LE) diet (2.38 kcal/g; Koffolk, Petach Tikva, Israel), and a standard rodent maintenance diet which represents a high energy (HE) regimen for Psammomys (2.93 kcal/g; Weizmann Institute, Rehovot, Israel) [11] . Psammomys and rats were housed in individual polypropylene cages. Water and diet were supplied ad libitum. All experimental procedures were authorized by the Institutional Animal Care Committee.
Exogenous insulin administration.
Insulin implants (Bovine Insulin, Linshin, Canada) were inserted s. c. to Psammomys or rats into the scurf area. Each implant releases insulin continuously for up to 60 days at a rate of 2 IU/24 h [12] . In the shortterm experiment a group of animals was killed by decapitation after 24 h. Blood was collected for glucose and insulin assays. Liver was excised for glycogen and enzyme activity measurements. In the long-term experiment the animals were killed in the fed state after 14 days. Blood glucose, plasma insulin and body weight were measured. Blood for glucose determinations during this experiment was taken from the tail vein, using the Glucometer II (Ames, Elkhart, IN, USA).
Hyperinsulinaemic, euglycaemic clamp. Hyperinsulinaemic, euglycaemic clamp studies were performed on non-anaesthetized, unstressed, chronically catheterized animals according to the method of Rossetti and Giaccari [13] . Animals from selected diabetes-prone and diabetes-resistant lines [11] were used. The surgical insertion of the catheters was performed 5-8 days before the clamp study. Psammomys and albino rats were anaesthetized with an i. p. injection of sodium pentobarbital (60 mg/kg). Indwelling catheters were inserted into the right jugular vein and the left carotid artery. On the day of experiment in the overnight fasted animals, a prime-continuous infusion of 6 3 H-D-glucose and insulin was performed together. Blood samples were taken every 10 min to measure blood glucose levels and maintain euglycaemia by adjusting the glucose infusion rate. Basal glucose turnover, insulin-stimulated total rate of glucose disappearance and HGP were measured as described by Rossetti and Giaccari [13] .
Assays. Liver phosphoenolpyruvate carboxykinase (PEPCK) activity was measured as described previously [14] . Glucose 6-phosphatase (G6Pase) activity was measured in isolated liver microsomes treated with 0.25 % deoxycholic acid according to Burchell et al. [15] . Liver glycogen was determined enzymatically [16] after digestion of a portion of liver in 33 % potassium hydroxide and precipitation of the glycogen by ethanol.
Plasma glucose and triglycerides were measured by an enzymatic method (Roche, Basel, Switzerland). Plasma insulin was measured by radioimmunoassay utilizing anti-human insulin antibodies (Medgenix, Brussels, Belgium) and human insulin as standard. Dilutions of Psammomys serum and pancreatic insulin gave curves paralleling those of dilutions of human insulin. Cross-reactivity with purified human insulin used as standard was 90-95 % [7] .
Statistical analysis. All values are given as means ± SEM. Group comparisons were made by paired Student's t -test. A significant difference was considered at p < 0.05.
Results
Diabetes does not occur in Psammomys on the LE diet which is similar in its caloric value to the natural food regimen of this animal [11] . Although the metabolic efficiency of Psammomys is similar on both LE and HE diets [11] , diabetes develops on the regular rodent (HE) diet because of the relative excess nutrient availability resulting in enhanced insulin secretion [3] . On the HE diet the transition from the normoinsulinaemic, normoglycaemic state one to the hyperglycaemic state three is often rapid, and may occur within 1-2 weeks.
To examine whether deficiency of bioactive insulin is a possible cause of the hyperglycaemic state, we administered s. c. implants supplying exogenous insulin to non-diabetic state A Psammomys. At the same time we started feeding them the HE diet that triggers diabetes.
Long-term exogenous insulin administration.
In the first experiment, we examined Psammomys and albino rats treated with exogenous insulin from the day of weaning (average weight 45 g) for 14 days and maintained on the HE diet. The influence of exogenous insulin on blood glucose and serum insulin levels in Psammomys is shown in Figure 1 . The HE diet caused hyperglycaemia and the treatment with exogenous insulin did not produce hypoglycaemia and failed to prevent the development of hyperglycaemia (Fig. 1 A) . Psammomys fed the LE diet and receiving exogenous insulin did not become hypoglycaemic despite a marked elevation in circulating insulin levels ( Fig. 1 B) .
In contrast to Psammomys, albino rats fed the HE diet remained normoglycaemic, but exogenous insulin caused a pronounced decrease in their blood glucose levels (Fig. 2) . On the LE diet the rats also maintained normoglycaemia but exogenous insulin caused a severe hypoglycaemia and the death of all animals within 24 h. Insulin levels in rats both on the LE and the HE diet increased markedly as a result of exogenous insulin treatment, which, however, did not result in fatal hypoglycaemia on the HE diet (Fig. 2 B) .
The lack of effect of exogenous bovine insulin implants on blood glucose levels in Psammomys leads to asking whether exogenous insulin is biologically active in this animal even if it shows a significant crossreaction with Psammomys insulin. To test the efficacy of insulin, blood glucose and serum triglyceride levels were measured in state four Psammomys, deficient in endogenous insulin, in which the mean blood glucose level in the fasted state was 22 mmol/l and the plasma triglyceride level was 7.8 mmol/l (Fig. 3) . The in vivo effect of the s. c. implants of exogenous insulin became evident by the decrease of fasting glucose levels in four Psammomys to 5.9 ± 1.2 mmol/l and fasting plasma triglyceride to 2.3 ± 0.1 mmol/l. Blood glucose levels in the fed state remained high (23.2 ± 1.3 mmol/l), most probably due to the resistance to both endogenous and exogenous insulin.
Short-term exogenous insulin administration.
Insulin implants were inserted s. c. to groups of 7-week-old Psammomys (state one, average weight 143 g) and 5-week-old albino rats (average weight 142 g). The animals were killed 24 h later having an ad libitum access to LE diet and water throughout the experiment. Serum insulin and glucose levels are listed in Table 1 . Both Psammomys and albino rats exhibited a marked hyperinsulinaemia of similar magnitude; however, Psammomys showed only a mild reduction in plasma glucose levels, whereas rats experienced a marked hypoglycaemia ( Table 1) .
The compensatory response to hypoglycaemia was different in Psammomys and rats. The reduction in liver glycogen content was mild in Psammomys but considerable in rats. Changes in the activity of gluconeogenic enzymes also showed a different response pattern. In Psammomys there was no significant decrease in hepatic PEPCK activity in the presence of exogenous hyperinsulinaemia; whereas in rats there was a significant suppression of PEPCK activity (Table 1). Little change was observed in the activity of G6Pase in either Psammomys or rats.
In another short-term experiment lasting 3 h, double-strength insulin implants were inserted s. c. into Psammomys and rats. A hyperinsulinaemia of 5520 ± 648 and 6504 ± 1758 pmol/l, respectively, was elicited as determined at killing. Serum glucose in rats fell from 6.0 ± 0.3 to as low as 0.9 ± 0.2 mmol/l (p < 0.001) in rats whereas in Psammomys only a mild decrease from 4.3 ± 0.1 to 3.4 ± 0.2 mmol/l was recorded. Liver PEPCK activity was not significantly affected in Psammomys despite the pronounced hyperinsulinaemia (384 ± 40 vs 349 ± 50 mmol ⋅ min
). However, in rats a significant decrease in PEP-CK activity was noted (289 ± 33 vs 192 ± 28 mmol ⋅ min
Hyperinsulinaemic euglycaemic clamp. To define better the nature of the insulin resistance and to assess the effect of exogenous insulin on HGP and total glucose disposal in state A Psammomys maintained on the LE diet, a hyperinsulinaemic, euglycaemic clamp was performed. The clamp was carried out on groups of Psammomys both of the diabetes-prone and diabetes-resistant lines [11] (Table 2) .
Psammomys and albino rats were matched for weight (155 ± 4, and 158 ± 7 g respectively). The basal fasting glucose and insulin levels were similar in all animals. The hyperinsulinaemia resulting from the infusion of an identical amount of insulin was higher in Psammomys than in rats by 44-74 %, due to low hepatic clearance [8, 17] . The basal HGP in albino rats and in both groups of Psammomys was similar in magnitude. However, in albino rats the HGP became almost completely suppressed by exogenous insulin, Values are means ± SEM for groups of six animals. NS, Non significant. All measurements were made in ad libitum fed animals on samples taken between 09.00 and 11.00 hours whereas in the two groups of Psammomys the mean reduction was 62 to 53 %, respectively. It should be also stressed that the incomplete HGP suppression was evident despite longer insulin infusion time (90 vs 60 min in rats) and higher circulating insulin levels. The total glucose uptake (TGT) effected by hyperinsulinaemia was 39.0 ± 1.9 mg ⋅ min −1 ⋅ kg −1 in rats, whereas it was lower by 30 to 41 % in Psammomys, in spite of higher circulatory insulin levels.
Discussion
Psammomys obesus develops a pronounced insulin resistance both at muscle and liver levels when maintained on a high energy laboratory diet as compared with its native regimen. This is evident from decreased deoxyglucose uptake [7] and lack of restraint of hepatic gluconeogenesis in the face of hyperinsulinaemia [18] . Insulin-induced receptor activation, a prerequisite for intracellular signal transduction is inhibited in the hyperinsulinaemic-hyperglycaemic state, indicating that the resistance is located at the receptor site [8] .
We have demonstrated here that the insulin resistance in Psammomys obesus may be an inherent species characteristic even in the normoglycaemic-normoinsulinaemic state A on the LE diet. Several experiments in which plasma insulin was raised by the administration of exogenous insulin did not result in marked hypoglycaemia. External insulin is effective in Psammomys as demonstrated in its hypoglycaemic and hypotriglyceridaemic effect in insulin-deficient Psammomys in state D. Psammomys at state D with exogenous insulin, become metabolically similar to the insulin-resistant state C Psammomys, characterized by endogenous hyperinsulinaemia. Thus, despite the strong hypoglycaemic and hypotriglyceridaemic effect, the superimposed exogenous insulin is not capable of lowering blood glucose levels in the non-fasting state C Psammomys with pronounced elevated endogenous insulin.
The ability of Psammomys to withstand the hypoglycaemic effect of insulin implants could not be explained by massively increased hepatic gluconeogenesis or glycogenolysis. However, because hepatic PEPCK, the rate limiting gluconeogenic enzyme, was reduced only in part by hyperinsulinaemia, indicates that gluconeogenesis was proceeding and could compensate for the insulin-induced peripheral glucose uptake. It is also conceivable that the scarcity of hepatic and muscle insulin receptors in this animal species and their compromised function in the presence of hyperinsulinaemia [8] did not result in an excessive plasma glucose removal. In contrast, the similar hyperinsulinaemia in albino rats resulted in reduced hepatic gluconeogenic capacity and enhanced glycogenolysis, which however did not appear to be sufficient to compensate for the insulin-stimulated tissue glucose uptake. Thus, a profound hypoglycaemia was evident, particularly when the animals were maintained on the LE diet.
The use of rats as reference animals in parallel with Psammomys does not imply that they are control animals. They reflect a response of a different species population well adjusted to the HE laboratory diet and characterized by marked sensitivity to insulin.
Our premise of liver and muscle insulin resistance as a species characteristic of Psammomys was confirmed by quantitative data on HGP and TGT in hyperinsulinaemic, euglycaemic clamp studies. Insulin infusion decreased the HGP and increased the TGT, again demonstrating the effectiveness of the exogenous insulin. However, HGP was only partly reduced, whereas in albino rats HGP was almost completely abolished. Lack of complete suppression of HGP in Psammomys was evident even at a higher and longer lasting level of hyperinsulinaemia than in the rats, confirming our previous assumption that gluconeogenesis in Psammomys treated with insulin implants is sustained despite hyperinsulinaemia. Also the limited elevation of TGT in the clamped Psammomys attests to the fact that the peripheral glucose utilization was low and was compensated by gluconeogenesis avoiding a lapse into hypoglycaemia during exogenous insulin administration.
In a previous communication [9] a high proportion of circulating proinsulin was observed particularly in the hyperglycaemic, hyperinsulinaemic state C Psammomys. The hyperproinsulinaemia was elicited most probably by the pancreatic beta-cell over-taxation as a result of protracted hyperglycaemia. This finding raised the question to what extent the availability of biologically active insulin is reduced to account for the hyperglycaemia or whether hyperglycaemia is caused mainly by the peripheral and hepatic resistance to the available active insulin. It could be postulated that in the presence of a high proportion of proinsulin or partially split insulin (known to have low bioactivity) in Psammomys, the HGP could not be totally suppressed in vivo and the peripheral glucose utilization could not be adequately promoted, thus resulting in hyperglycaemia. However, the present experiments with exogenous insulin, derived either from implants or from infusion during clamp studies, indicate that the hyperinsulinaemia elicited by the nutritional overload in states B or C is able to suppress the HGP at least in part. Full suppression, as observed in the rats, could not be achieved because of the particular resistance of the Psammomys species rather than to insufficient levels of bioactive insulin resulting from the change in the insulin/proinsulin ratio. Similar observations on incomplete suppression of HGP by porcine insulin were also observed in another group of Psammomys in contrast to the complete suppression in Sprague Dawley rats (K. Zakrzewska and B. Jeanrenaud personal communication). Lack of total HGP suppression in Psammomys was evident in these hyperinsulinaemic clamp studies even at plasma levels of infused insulin exceeding 6000 pmol/l.
Gluconeogenesis is the most important pathway for the replenishment of plasma glucose and has a predominant role in the increased HGP, eliciting hyperglycaemia in patients with NIDDM [19] [20] [21] . Excessive HGP rather than decreased glucose utilization was also found to account for the hyperglycaemia in rats with streptozotocin-induced diabetes [22] . Moreover, hyperglycaemia due to enhanced HGP has been observed to persist despite hyperinsulinaemia in a variety of situations both in humans and animals, some of them associated with obesity [23] .
The observation that HGP was only partially reduced both in diabetes-prone and diabetes-resistant Psammomys during clamp hyperinsulinaemia raised the question as to the nature of the different responses of these lines to the high energy nutritional regimen. It has previously been shown that hyperinsulinaemia is detrimental to the activity of insulin receptors, and the density of liver and muscle receptors in randomly chosen Psammomys is low [8] . The difference in hyperglycaemic response between the two selected lines may be related to the insulin secretion response of pancreatic beta-cells on the high energy diet, the amount of available insulin receptors, or the rate of liver clearance of circulating insulin. These aspects are under current investigation.
Our findings of limited suppressibility of HGP by hyperinsulinaemia in Psammomys, might contribute to the understanding of the metabolic conditions in the desert environment. With meagre nutrition any glucose derived from non-glucose precursors would be primarily targeted to the vital glucose-dependent tissues and the released insulin should not be able to shut off the gluconeogenesis. HGP in the desert environment is probably of survival value both in terms of preferential glucose channelling to non-insulin-dependent nervous tissues and conversion of the available glucose to energy storage, e. g. hepatic lipogenesis. It is quite possible that the adaptation of both animals and humans to plentiful nutrition either in laboratory conditions or as a result of affluence of the western lifestyle have attenuated or selected out the "inborn" insulin resistance characteristics of populations living in nutritional scarcity [24] . Absence of gluconeogenesis restraint in such populations together with rich nutrient intake would lead to enhancement of insulin secretion, excessive lipogenesis followed by insulin resistance and hyperglycaemia. This, and eventual obesity with potentiation of insulin resistance is well exemplified in Psammomys because of the abundant hepatic lipogenic capacity and adipose tissue triglyceride uptake [25] .
